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ABSTRACT
In Type II string vacua constructed from intersecting/magnetized D-branes, the
supersymmetry-breaking soft terms are genericaly non-universal. It is shown that
universal supersymmetry-breaking soft terms may arise in a realistic MSSM con-
structed from intersecting/magnetized D-branes in Type II string theory. For the
case of dilaton-dominated supersymmetry-breaking, it is shown that the univer-
sal scalar mass and trilinear coupling are fixed such that m0 = (1/2)m3/2 and
A0 = −m1/2. In addition, soft terms where the universal scalar mass m0 is much
larger than the universal gaugino massm1/2 may be easily obtained within the model.
Finally, it is shown that the special dilaton and no-scale strict moduli boundary con-
ditions, which are well-known in heterotic string constructions, may also be obtained.
2I. INTRODUCTION
Low-scale supersymmetry has been recognized for some time as the most natural solution
to the hierarchy problem. In addition, supersymmetry with R-parity imposed can provide a
natural dark matter candidate in the form of the Lightest Supersymmetric Partner (LSP),
which is typically the lightest neutralino [1–4]. Moreover, extending the Standard Model
(SM) to the Minimal Supersymmetric Standard Model (MSSM) results in much-improved
gauge coupling unification [5, 6]. Although the putative superpartners have yet to be ob-
served, the recent discovery of a Higgs boson with a mass near 125 GeV [7, 8] is consistent
with the upper bound on the Higgs mass in the MSSM, mH . 130 GeV [9].
Naively, one might have expected the superpartners to have already been found based
upon naturalness arguments which imply that the masses of the superpartners should be
TeV-scale or lower. However direct searches from the ATLAS and CMS experiments at the
Large Hadron Collider are pushing the mass limits on squarks and gluons above the TeV-
scale [10–14]. Furthermore, while the Higgs mass is below the MSSM upper bound, it is still
somewhat larger than expected. In order to obtain such a large Higgs mass in the MSSM
requires large radiative corrections from couplings to the top/stop quark sector, implying
muli-TeV scale squark masses, and/or large values of tanβ.
Contrary to naive expectations, it is known that it is possible for squarks and other
scalars to have heavy multi-TeV masses while still solving the hierarchy problem naturally,
or at least by only introducing a small amount of fine-tuning. Perhaps the best known such
scenario is that of the Hyperbolic Brand/Focus Point (HB/FP) supersymmetry [15–22].
FP superpartner spectra usually feature heavy multi-TeV scalars with lighter gauginos. The
lightest neutralino in these spectra is typically of mixed bino-higgsino composition, while
the gluino is typically the heaviest of the gauginos and can have a mass up to a few TeV.
In frameworks such as mSUGRA/CMSSM [23–25], focus point supersymmetry is realized in
regions of the parameter space occur where the universal scalar mass m0 is much larger than
the universal gaugino mass, m1/2. It has been pointed out that although spectra which lie
on the focus point can solve the hierarchy problem with low fine-tuning of the electroweak
scale, this still requires a large amount of high-scale fine-tuning, at least within the context
of mSUGRA/CMSSM where m0 >> m1/2 is unnatural as there is no a priori correlation of
the high-scale parameters [26].
3Although mSUGRA/CMSSM provides a simple and general framework for studying the
phenomenology of gravity-mediated supersymmetry breaking, ultimately the supersymmetry
breaking soft terms should be determined within a specific model which provides a complete
description of physics at the Planck scale, such as string theory. For example, in the context
of Type II flux compactifications, soft terms of the form m0 >> m1/2 and A0 = −m1/2 may
be induced by fluxes in Type IIB string theory with D3-branes [27]. Soft terms of this form
were studied in [28] where it was shown to lead to focus-point regions of the parameter
space and where it is possible to obtain a 125 GeV Higgs, satisfy the WMAP9 [29] and
Planck [30] results on the dark matter relic density as well as all standard experimental
constraints while maintaining low electroweak fine-tuning.
In the following, the possible sets of universal supersymmetry breaking soft terms
that may arise in an MSSM constructed from intersecting/magnetized D-branes in Type
IIA/Type IIB string theory will be analyzed. This model satisfies all global consistency
conditions and has many attractive features which make it a suitable candidate for study.
These phenomenological features include three families of quarks and leptons, a single pair
of Higgs fields, automatic gauge coupling unification, and exotics which are decoupled. From
the low-energy effective action of this model, it will be shown that the well-known special
dilaton solution may be obtained in the model from the simplest set of possible F-terms, a
result which should be generic to all models of this type. It will then be shown that there
exist more general sets of universal soft terms in the model, where supersymmetry-breaking
is also dominated by the dilaton. For these sets of soft terms, it will be shown that the
universal scalar mass and trilinear coupling are fixed so that m0 =
m3/2
2
and A0 = −m1/2,
where m3/2 is the gravitino mass. It will then be shown that universal soft terms where
the universal scalar mass is much larger than the universal gaugino mass, m0 >> m1/2,
may be obtained. Finally, the no-scale strict moduli form of the soft terms, m1/2 =
m3/2
2
,
m0 = A0 = 0 will be shown to be obtainable. The resulting phenomenology will then be
discussed.
II. THE MODEL
Type II orientifold string compactifications with intersecting/magnetized D-branes have
provided useful geometric tools with which the MSSM may be engineered [31, 32]. In
4TABLE I: General spectrum for intersecting D6 branes at generic angles, where Iaa′ =
−23−k∏3i=1(nialia) and IaO6 = 23−k(−l1al2al3a + l1an2an3a + n1al2an3a + n1an2al3a), where k = β1 + β2 + β3.
In addition, M is the multiplicity, and aS and aA denote the symmetric and antisymmetric repre-
sentations of U(Na/2), respectively.
Sector Representation
aa U(Na/2) vector multiplet and 3 adjoint chiral multiplets
ab+ ba M(Na2 , Nb2 ) = Iab = 2−k
∏3
i=1(n
i
al
i
b − niblia)
ab′ + b′a M(Na2 , Nb2 ) = Iab′ = −2−k
∏3
i=1(n
i
al
i
b + n
i
bl
i
a)
aa′ + a′a M(aS) = 12 (Iaa′ − 12IaO6) ; M(aA) = 12(Iaa′ + 12IaO6)
the following, we shall work in the Type IIA picture with intersecting D6-branes, but it
should be emphasized that this model has a T-dual equivalent descriptioin in Type IIB
with magnetized D-branes. To briefly give an over view of the construction of such models,
D6-branes in Type IIA fill (3+1)-dimensional Minkowski spacetime and wrap 3-cycles in
the compactified manifold, such that a stack of N branes generates a gauge group U(N) [or
U(N/2) in the case of T 6/(Z2×Z2)] in its world volume. On T 6/(Z2×Z2), the 3-cycles are
of the form [33]
Πa =
3∏
i=1
(nia[ai] + 2
−βilia[bi]), (1)
where the integers nia and l
i
a are the wrapping numbers around the basis cycles [ai] and [bi]
of the ith two-torus, and βi = 0 for an untilted two-torus while βi = 1 for a tilted two-torus.
In addition, we must introduce the orientifold images of each D6-brane, which wraps a cycle
given by
Π′a =
3∏
i=1
(nia[ai]− 2−βilia[bi]). (2)
In general, the 3-cycles wrapped by the stacks of D6-branes intersect multiple times in
the internal space, resulting in a chiral fermion in the bifundamental representation localized
at the intersection between different stacks a and b. The multiplicity of such fermions is
then given by the number of times the 3-cycles intersect. Each stack of D6-branes a may
5TABLE II: D6-brane configurations and intersection numbers for the model on Type IIAT6/Z2×Z2
orientifold. The complete gauge symmetry is [U(4)C×U(2)L×U(2)R]observable×[USp(2)4]hidden, the
SM fermions and Higgs fields arise from the intersections on the first two-torus, and the complex
structure parameters are 2χ1 = 6χ2 = 3χ3 = 6.
U(4)C × U(2)L × U(2)R × USp(2)4
N (n1, l1)× (n2, l2)× (n3, l3) nS nA b b′ c c′ 1 2 3 4
a 8 (0,−1)× (1, 1)× (1, 1) 0 0 3 0 -3 0 1 -1 0 0
b 4 (3, 1)× (1, 0)× (1,−1) 2 -2 - - 0 0 0 1 0 -3
c 4 (3,−1)× (0, 1)× (1,−1) -2 2 - - - - -1 0 3 0
1 2 (1, 0)× (1, 0)× (2, 0) χ1 = 3, χ2 = 1, χ3 = 2
2 2 (1, 0)× (0,−1)× (0, 2) βg
1
= −3, βg
2
= −3
3 2 (0,−1)× (1, 0)× (0, 2) βg
3
= −3, βg
4
= −3
4 2 (0,−1)× (0, 1)× (2, 0)
intersect the orientifold images of other stacks b′, also resulting in fermions in bifundamental
representations. Each stack may also intersect its own image a′, resulting in chiral fermions
in the symmetric and antisymmetric representations. The different types of representations
that may be obtained for each type of intersection and their multiplicities are summarized
in Table I. In addition, the consistency of the model requires certain constraints to be
satisfied, namely, Ramond-Ramond (R-R) tadpole cancellation and the preservation of N =
1 supersymmetry.
The set of D6 branes wrapping the cycles on a T 6/(Z2×Z2) orientifold shown in Table II
results in a three-generation Pati-Salam model with additional hidden sectors. The full
gauge symmetry of the model is given by [U(4)C ×U(2)L×U(2)R]observable× [USp(2)4]hidden,
with the matter content shown in Table III. As discussed in detail in [34, 35], with this
configuration of D6 branes all R-R tadpoles are canceled, K-theory constraints are satisfied,
and N = 1 supersymmetry is preserved.
The Pati-Salam gauge symmetry is broken to the SM in two steps [36, 37]. First, the a and
c stacks of D6-branes are split such that a→ a1+a2 and c→ c1+c2, where Na1 = 6, Na2 = 2,
Nc1 = 2, and Nc2 = 2. The process of breaking the gauge symmetry via brane splitting
6TABLE III: The chiral and vector-like superfields, and their quantum numbers under the gauge
symmetry SU(4)C × SU(2)L × SU(2)R × USp(2)1 × USp(2)2 × USp(2)3 × USp(2)4.
Quantum Number Q4 Q2L Q2R Field
ab 3× (4, 2, 1, 1, 1, 1, 1) 1 -1 0 FL(QL, LL)
ac 3× (4, 1, 2, 1, 1, 1, 1) -1 0 1 FR(QR, LR)
a1 1× (4, 1, 1, 2, 1, 1, 1) 1 0 0 Xa1
a2 1× (4, 1, 1, 1, 2, 1, 1) -1 0 0 Xa2
b2 1× (1, 2, 1, 1, 2, 1, 1) 0 1 0 Xb2
b4 3× (1, 2, 1, 1, 1, 1, 2) 0 -1 0 X ib4
c1 1× (1, 1, 2, 2, 1, 1, 1) 0 0 -1 Xc1
c3 3× (1, 1, 2, 1, 1, 2, 1) 0 0 1 X ic3
bS 2× (1, 3, 1, 1, 1, 1, 1) 0 2 0 T iL
bA 2× (1, 1, 1, 1, 1, 1, 1) 0 -2 0 SiL
cS 2× (1, 1, 3, 1, 1, 1, 1) 0 0 -2 T iR
cA 2× (1, 1, 1, 1, 1, 1, 1) 0 0 2 SiR
ab′ 3× (4, 2, 1, 1, 1, 1, 1) 1 1 0
3× (4, 2, 1, 1, 1, 1, 1) -1 -1 0
ac′ 3× (4, 1, 2, 1, 1, 1, 1) 1 1 Φi
3× (4, 1, 2, 1, 1, 1, 1) -1 0 -1 Φi
bc 6× (1, 2, 2, 1, 1, 1, 1) 0 1 -1 ηiu, ηid
6× (1, 2, 2, 1, 1, 1, 1) 0 -1 1
bc′ 1× (1, 2, 2, 1, 1, 1, 1) 0 1 1 Hiu, Hid
1× (1, 2, 2, 1, 1, 1, 1) 0 -1 -1
corresponds to assigning VEVs along flat directions to adjoint scalars associated with each
stack that arise from the open-string moduli [36]. After splitting the D6-branes, the gauge
symmetry of the observable sector is SU(3)C×SU(2)L×U(1)I3R×U(1)B−L where U(1)I3R =
1
2
(U(1)c1−U(1)c2) and U(1)B−L = 13(U(1)a1−3U(1)a2). The gauge symmetry may be further
broken to that of the SM, SU(2)C×SU(2)L×U(1)Y , by assigning VEVs to vectorlike singlets
7in the ac′ sector, where U(1)Y = 16 [(U(1)a1 − 3U(1)a2 + 3(U(1)c1 − U(1)c2 ].
TABLE IV: The MSSM superfields, and their quantum numbers under the gauge symmetry
SU(3)C × SU(2)L × U(1)Y .
Quantum Number QY Field
a1b 3× (3, 2, 1) 1/6 QL
a1b 3× (1, 2, 1) −1/2 L
a1c1 3× (3, 1, 1) 1/3 UR
a1c2 3× (3, 1, 1) −2/3 DR
a2c1 3× (1, 1, 1) 0 NR
a2c2 3× (1, 1, 1) −1 ER
bc′1 1× (1, 2, 1) 1/2 Hu
bc′
2
1× (1, 2, 1) −1/2 Hd
The Higgs fields will be identified with the vectorlike fields in the bc′ sector as opposed
to the six vectorlie fields in the bc sector as in previous studies of this model [35]. These
multiplets are present since stacks a and c are parallel on the third two-torus, while stacks
a and c′ are parallel on the first torus. It will thus be assumed that stacks a and c are
separated on the third torus, while stacks a and c′ are directly on top of one another such
that the Higgs fields in the ac′ sector remain massless while those from the ac sector have
string-scale masses, and similarly for vectorlike matter in the ab′ sector. The additional
fields in the model may become massive as shown in [35]. Then, below the string scale the
gauge symmetry and matter spectrum is that of the MSSM, as shown in Table IV.
As shown in [35], this model has many desirable phenomenological features. In particular,
the gauge couplings are automatically unified at the string scale. Furthermore, it was found
that rank 3 Yukawa matrices for quarks and charged leptons may be generated, and that it is
possible to obtain their observed masses and mixings. In additional all chiral and vector-like
exotics may be decoupled from the low-energy spectrum. It should be pointed out that the
Higgs fields in previous studies have been identified with the six vectorlike fields in the bc
sector of the model, rather than the vectorlike field in the bc′ as is the case in the present
study. As a result, the trilinear Yukawa couplings for quarks and leptons are forbidden
8TABLE V: The angles (in multiples of pi) with respect to the orientifold plane made by the cycle
wrapped by each stack of D-branes on each of the three two-tori.
θ1 θ2 θ3
a −1/2 1/4 1/4
b 1/4 0 −1/4
c −1/4 1/2 −1/4
by global symmetries. However, the Yukawa couplings may in principle be generated by
D-brane instantons or by quartic couplings involving singlet fields.
III. THE N = 1 LOW-ENERGY EFFECTIVE ACTION
From the effective scalar potential it is possible to study the stability [38], the tree-level
gauge couplings [39–41], gauge threshold corrections [42], and gauge coupling unification
[43]. The effective Yukawa couplings [44, 45], matter field Ka¨hler metric and soft-SUSY
breaking terms have also been investigated [46]. A more detailed discussion of the Ka¨hler
metric and string scattering of gauge, matter, and moduli fields has been performed in [47].
Although turning on Type IIB 3-form fluxes can break supersymmetry from the closed string
sector [48–53], there are additional terms in the superpotential generated by the fluxes and
there is currently no satisfactory model which incorporates this. Thus, we do not consider
this option in the present work.
The N = 1 supergravity action depends upon three functions, the holomorphic gauge
kinetic function, f , Ka¨hler potential K, and the superpotential W . Each of these will in
turn depend upon the moduli fields which describe the background upon which the model is
constructed. The holomorphic gauge kinetic function for a D6-brane wrapping a calibrated
three-cyce is given by [32]
fP =
1
2πℓ3s
[
e−φ
∫
ΠP
Re(e−iθPΩ3)− i
∫
ΠP
C3
]
. (3)
In terms of the three-cycle wrapped by the stack of branes, we have∫
Πa
Ω3 =
1
4
3∏
i=1
(niaR
i
1 + 2
−βiiliaR
i
2). (4)
9from which it follows that
fP =
1
4κP
(n1P n
2
P n
3
P s−
n1P l
2
P l
3
P u
1
2(β2+β3)
− n
2
P l
1
P l
3
P u
2
2(β1+β3)
− n
3
P l
1
P l
2
P u
3
2(β1+β2)
), (5)
where κP = 1 for SU(NP ) and κP = 2 for USp(2NP ) or SO(2NP ) gauge groups and where
we use the s and u moduli in the supergravity basis. In the string theory basis, we have the
dilaton S, three Ka¨hler moduli T i, and three complex structure moduli U i [47]. These are
related to the corresponding moduli in the supergravity basis by
Re (s) =
e−φ4
2π
(√
ImU1 ImU2 ImU3
|U1U2U3|
)
Re (uj) =
e−φ4
2π
(√
ImU j
ImUk ImU l
) ∣∣∣∣Uk U lU j
∣∣∣∣ (j, k, l) = (1, 2, 3)
Re(tj) =
iα′
T j
(6)
and φ4 is the four-dimensional dilaton. To second order in the string matter fields, the
Ka¨hler potential is given by
K(M, M¯, C, C¯) = Kˆ(M, M¯) +
∑
untwisted i,j
K˜CiC¯j (M, M¯)CiC¯j + (7)
∑
twisted θ
K˜CθC¯θ(M, M¯)CθC¯θ.
The untwisted moduli Ci, C¯j are light, non-chiral scalars from the field theory point of view,
associated with the D-brane positions and Wilson lines. In the following, it will be assumed
that these fields become massive via high-dimensional operators.
For twisted moduli arising from strings stretching between stacks P and Q, we have∑
j θ
j
PQ = 0, where θ
j
PQ = θ
j
Q − θjP is the angle between the cycles wrapped by the stacks
of branes P and Q on the jth torus respectively. Then, for the Ka¨hler metric in Type IIA
theory we find the following two cases:
• θjPQ < 0, θkPQ > 0, θlPQ > 0
K˜PQ = e
φ4eγE(2−
∑
3
j=1 θ
j
PQ)
√√√√ Γ(θjPQ)
Γ(1 + θjPQ)
√
Γ(1− θkPQ)
Γ(θkPQ)
√
Γ(1− θlPQ)
Γ(θlPQ)
(tj + t¯j)θ
j
PQ(tk + t¯k)−1+θ
k
PQ(tl + t¯l)−1+θ
l
PQ. (8)
10
• θjPQ < 0, θkPQ < 0, θlPQ > 0
K˜PQ = e
φ4eγE(2+
∑
3
j=1 θ
j
PQ)
√√√√Γ(1 + θjPQ)
Γ(−θjPQ)
√
Γ(1 + θkPQ)
Γ(−θkPQ)
√
Γ(θlPQ)
Γ(1− θlPQ)
(tj + t¯j)−1−θ
j
PQ(tk + t¯k)−1−θ
k
PQ(tl + t¯l)−θ
l
PQ. (9)
For branes which are parallel on at least one torus, giving rise to non-chiral matter in
bifundamental representations (for example, the Higgs doublets which arise from the bc’
sector where stacks b and c’ are parallel on the first torus), the Ka¨hler metric is
Khiggs = ((s+ s¯)(t
2 + t¯2)(t3 + t¯3)(u1 + u¯1))−1/2. (10)
The superpotential is given by
W = Wˆ +
1
2
µαβ(M)C
αCβ +
1
6
Y(M)αβγC
αβγ + · · · (11)
while the minimum of the F part of the tree-level supergravity scalar potential V is given
by
V (M, M¯) = eG(GMK
MNGN − 3) = (FNKNMFM − 3eG), (12)
where GM = ∂MG and KNM = ∂N∂MK, K
MN is inverse of KNM , and the auxiliary fields
FM are given by
FM = eG/2KMLGL. (13)
Supersymmetry is broken when some of the F-terms of the hidden sector fields M acquire
VEVs. This then results in soft terms being generated in the observable sector. For sim-
plicity, it is assumed in this analysis that the D-term does not contribute (see [54]) to the
SUSY breaking. Then, the goldstino is eaten by the gravitino via the superHiggs effect. The
gravitino then obtains a mass
m3/2 = e
G/2. (14)
The normalized gaugino mass parameters, scalar mass-squared parameters, and trilinear
parameters respectively may be given in terms of the Ka¨hler potential, the gauge kinetic
11
function, and the superpotential as
MP =
1
2RefP
(FM∂MfP ), (15)
m2PQ = (m
2
3/2 + V0)−
∑
M,N
F¯ M¯FN∂M¯∂N log(K˜PQ),
APQR = F
M
[
KˆM + ∂M log(YPQR)− ∂M log(K˜PQK˜QRK˜RP )
]
,
where K˜QR is the Ka¨hler metric appropriate for branes which are parallel on at least one
torus, i.e. involving non-chiral matter. In the present case, the Higgs fields arise from
vectorlike matter in the bc′ sector, where the b and c′ stacks are parallel on the first two-
torus.
IV. SUSY BREAKING VIA u-MODULI AND DILATON s
We allow the dilaton s to obtain a non-zero VEV as well as the u-moduli. To do this, we
parameterize the F -terms as
F u
i,s =
√
3m3/2[(s + s¯)Θse
−iγs + (ui + u¯i)Θie−iγi ] (16)
The goldstino is included in the gravitino by ΘS in S field space, and Θi parameterize the
goldstino direction in U i space, where
∑
(|Θui |2+ |Θti|2) + |Θs|2 = 1. The goldstino angle Θs
determines the degree to which SUSY breaking is being dominated by the dilaton s and/or
complex structure (ui) and Ka¨hler (ti) moduli.
Then, the formula for the gaugino mass associated with each stack can be expressed as
MP =
−√3m3/2
4RefP
[(
3∑
j=1
Re(uj) Θj e
−iγj njP l
k
P l
l
P2
−(βk+βl)
)
−ΘsRe(s)e−iγ0n1P n2P n3P
]
, (17)
(j, k, l) = (1, 2, 3).
The Bino mass parameter is a linear combination of the gaugino mass for each stack, and the
coefficients corresponding to the linear combination of U(1) factors define the hypercharge.
The trilinear parameters generalize as
APQR = −
√
3m3/2
3∑
j=0
[
Θje
−iγj
(
1 + (
3∑
k=1
ξk,jPQΨ(θ
k
PQ)−
1
4
) + (
3∑
k=1
ξk,jRPΨ(θ
k
RP )−
1
4
)
)]
+
√
3
2
m3/2(Θ1e
−iγ1 +Θse−iγs), (18)
12
where Θ0 corresponds to Θs and there is a contribution from the dilaton via the Higgs
(1/2 BPS) Ka¨hler metric, which also gives an additional contribution to the Higgs scalar
mass-squared values:
m2H = m
2
3/2
[
1− 3
2
(|Θ1|2 + |Θs|2)
]
. (19)
where P ,Q, and R label the stacks of branes whose mutual intersections define the fields
present in the corresponding trilinear coupling and the angle differences are defined as
θPQ = θP − θQ. (20)
We must be careful when dealing with cases where the angle difference is negative. Note for
the present model, there is always either one or two of the θPQ which are negative. Let us
define the parameter
ηPQ = sgn(
∏
i
θiPQ), (21)
such that ηPQ = −1 indicates that only one of the angle differences are negative while
ηPQ = +1 indicates that two of the angle differences are negative.
Finally, the squark and slepton (1/4 BPS) scalar mass-squared parameters are given as
m2PQ = m
2
3/2
[
1− 3
3∑
m,n=0
ΘmΘne
−i(γm−γn)
(
δmn
4
+
3∑
j=1
(ξj,mn¯PQ Ψ(θ
j
PQ) + ξ
j,m
PQξ
j,n¯
PQΨ
′(θjPQ))
)]
,(22)
where we include the Θs = Θ0 in the sum. The functions Ψ(θPQ) and Ψ
′(θPQ) are given by
Eq. (24) and Eq. (25). The terms associated with the complex moduli in ξj,kPQ and ξ
j,kl¯
PQ are
shown in Eq. (26) and Eq. (27),
The functions Ψ(θPQ) =
∂ ln(e−φ4K˜PQ)
∂θPQ
in the above formulas defined for ηPQ = −1 are
if θPQ < 0 : (23)
Ψ(θjPQ) = −γE +
1
2
d
dθjPQ
ln Γ(−θjPQ)−
1
2
d
dθjPQ
ln Γ(1 + θjPQ) + ln(t
j + t¯j)
if θPQ > 0 :
Ψ(θjPQ) = −γE +
1
2
d
dθjPQ
ln Γ(1− θjPQ)−
1
2
d
dθjPQ
ln Γ(θjPQ) + ln(t
j + t¯j),
13
and for ηPQ = +1 are
if θPQ < 0 : (24)
Ψ(θjPQ) = γE +
1
2
d
dθjPQ
ln Γ(1 + θjPQ)−
1
2
d
dθjPQ
ln Γ(−θjPQ)− ln(tj + t¯j)
if θPQ > 0 :
Ψ(θjPQ) = γE +
1
2
d
dθjPQ
ln Γ(θjPQ)−
1
2
d
dθjPQ
ln Γ(1− θjPQ)− ln(tj + t¯j).
The function Ψ′(θPQ) is just the derivative
Ψ′(θjPQ) =
dΨ(θjPQ)
dθjPQ
, (25)
and θj,kPQ and θ
j,kl¯
PQ are defined [55] as
ξj,kPQ ≡ (uk + u¯k)
∂θjPQ
∂uk
=


[− 1
4pi
sin(2πθj)
]P
Q
when j = k
[
1
4pi
sin(2πθj)
]P
Q
when j 6= k,
(26)
ξj,kl¯PQ ≡ (uk+u¯k)(ul+u¯l)
∂2θjPQ
∂uk∂u¯l
=


1
16pi
[sin(4πθj) + 4 sin(2πθj)]
P
Q when j = k = l
1
16pi
[sin(4πθj)− 4 sin(2πθj)]PQ when j 6= k = l
− 1
16pi
[sin(4πθj)]
P
Q when j = k 6= l or j = l 6= k
1
16pi
[sin(4πθj)]
P
Q when j 6= k 6= l 6= j.
(27)
The terms associated with the dilaton are given by
ξj,sPQ ≡ (s+ s¯)
∂θjPQ
∂s
=
[
− 1
4π
sin(2πθj),
]P
Q
(28)
ξj,ks¯PQ ≡ (uk + u¯k)(s+ s¯)
∂2θjPQ
∂uk∂s¯
=


1
16pi
[sin 4πθj]
P
Q when j = k
− 1
16pi
[sin 4πθj ]
P
Q when j 6= k,
(29)
and
ξj,ss¯PQ ≡ (s+ s¯)(s+ s¯)
∂2θjPQ
∂s∂s¯
=
1
16π
[
sin 4πθj + 4 sin(2πθj)
]P
Q
, (30)
where k, l 6= s. The Θi parameters are constrained as
∑3
i=1Θ
2
i +Θ
2
s = 1.
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V. THE SPECIAL DILATON
First, we consider the case where the goldstino angles and dilaton are all equal, namely
Θ1 = Θ2 = Θ3 = Θs = 1/2. In addition, we set γ1 = γ2 = γ3 = γs = 0.
For the gaugino mass associated with each stack of D-branes we have
MP =
−√3m3/2
4RefP
[(
3∑
j=1
Re(uj)Θj n
j
P l
k
P l
l
P2
−(βk+βl)
)
− Re(s)Θsn1P n2P n3P
]
, (31)
(j, k, l) = (1, 2, 3),
where the holomorphic gauge kinetic function is given by
fP =
1
4
(n1P n
2
P n
3
P s−
n1P l
2
P l
3
P u
1
2(β2+β3)
− n
2
P l
1
P l
3
P u
2
2(β1+β3)
− n
3
P l
1
P l
2
P u
3
2(β1+β2)
), (32)
from which it follows that there is a universal gaugino mass associated with each stack of
Dbranes:
MP =
−√3m3/2
8RefP
(−4fP ) =
√
3
2
m3/2. (33)
The QY holomorphic gauge function is given by taking a linear combination of the holo-
morphic gauge functions from all the stacks. Note that we have absorbed a factor of 1/2 in
the definition of QY so that the electric charge is given by Qem = T3 + QY . In this way, it
is found [56] that
fY =
∑
P
|cP | fP = 1
6
fa1 +
1
2
fa2 +
1
2
fc1 +
1
2
fc2, (34)
where the the coefficients cP correspond to the linear combination of U(1) factors which
define the hypercharge, U(1)Y =
∑
cPU(1)P . The Gaugino mass for U(1)Y is a linear
combination of the gaugino mass for each stack,
MB˜ =
1
fY
∑
P
|cP | fPMP =
√
3
2
m3/2
1
fY
∑
P
|cP | fP (35)
=
√
3
2
m3/2.
Thus, the gaugino masses are universal:
m1/2 ≡Mg˜ =MW˜ = MB˜ =
√
3
2
m3/2. (36)
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The Higgs scalar masses are given by
m2H = m
2
3/2
[
1− 3
2
(|Θ1|2 + |Θs|2)
]
. (37)
With Θ1 = Θ2 = Θ3 = Θs =
1
2
, we have
mH =
m3/2
2
=
m1/2√
3
. (38)
For the trilinear couplings, we have
A0 ≡ Aabc = −
√
3
2
m3/2
3∑
j=0
(
1 +
(
3∑
k=1
ξk,jab ψ(θ
k
ab)−
1
4
)
+
(
3∑
k=1
ξk,jca ψ(θ
k
ca)−
1
4
))
(39)
+
√
3
2
m3/2.
= −
√
3
2
m3/2(
4
2
+
3∑
j=0
(
ξ1,jab ψ(θ
1
ab) + ξ
2,j
ab ψ(θ
2
ab) + ξ
3,j
ab ψ(θ
3
ab)
)
+
3∑
j=0
(
ξ1,jca ψ(θ
1
ca) + ξ
2,j
ab ψ(θ
2
ca) + ξ
3,j
ca ψ(θ
3
ca)
)
) +
√
3
2
m3/2.
Now,
3∑
j=0
ξi,jPQψ(θ
i
PQ) = 0, (40)
therefore we have
A0 = −
√
3m3/2 +
√
3
2
m3/2 = −
√
3
2
m3/2 (41)
= −m1/2.
The scalar masses for squarks and sleptons are given by
m2PQ = m
2
3/2
[
1− 3
4
3∑
m,n=0
(
δmn
4
+
3∑
j=1
ξj,mnPQ ψ(θ
j
PQ) + ξ
j,m
PQξ
j,n
PQψ
′(θjPQ)
)]
. (42)
Now,
3∑
m,n=0
ξi,mnPQ Ψ(θ
i
PQ) = 0, and
3∑
m,n=0
ξi,mPQξ
i,n
PQψ
′(θiPQ) = 0. (43)
Thus, we find that the scalar masses for squarks and sleptons are universal:
mPQ =
m3/2
2
. (44)
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In summary, taking all goldstino angles to equal yields universal soft terms of the form
m1/2 =
√
3
2
m3/2, m0 =
m3/2
2
, A0 = −m1/2. (45)
It should be noted that this solution for the soft terms is more-or-less model independent
and should be present for any Pati-Salam model of this type constructed from intersect-
ing/magnetized D-branes.
VI. GENERAL DILATON-DOMINATED SOFT TERMS
We have seen in the previous section that if all of the goldstino angles are equal, then
the soft terms are universal and we obtain the well-known special dilaton solution. In
the following, let us consider more general possibilities where universal soft terms may be
obtained.
For the present model, the complex structure moduli and dilaton in the field theory basis
are given by
Re(u1) = 2.61, Re(u2) = 7.83, Re(u3) = 3.915, Re(s) = 1.305, (46)
while the real part of the holomorphic gauge kinetic functions for each stack are given by
fa = fb = fc = 1.9575 and fY = 3.2625 from which it follows that the MSSM gauge couplings
are unified at the string scale, g23 = g
2
2 =
5
3
g21 [35]. A scan of some of the soft terms for
non-universal soft terms was made in [35], and some of the phenomenological consequences
have been studied in [57, 58].
The gaugino masses may be written in terms of the goldstino angles as
M3 =
√
3m3/2
2
(Θ2 +Θ3), (47)
M2 =
√
3m3/2
2
(Θ2 +Θs),
MB˜ =
√
3m3/2
10
(3Θ1 + 2Θ2 + 5Θ3).
From these expressions, it can be seen that setting Θ12 ≡ Θ1 = Θ2 and Θ3s ≡ Θ3 = Θs
results in universal gaugino masses of the form
m1/2 ≡M3 =M2 =MB˜ =
√
3m3/2
2
(Θ12 +Θ3s). (48)
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The trilinear A-term may also be written in terms of the goldstino angles as
A0 = Aabc =
√
3
2
m3/2(Θ2 +Θ3) (49)
−
√
3
4π
m3/2[(−Θs −Θ1 +Θ2 +Θ3) (Ψ (−3/4) + Ψ (1/4))
+ (−Θs +Θ1 −Θ2 +Θ3) (Ψ (1/4) + Ψ (1/4))]].
Letting Θ1 = Θ2 and Θ3 = Θs as in the gaugino masses, the universal trilinear coupling
takes the same simple form as for the special dilaton:
A0 = −
√
3
2
m3/2(Θ12 +Θ3s) = −m1/2. (50)
However, in the present case the relationship between the gaugino mass and the gravitino
mass may be different than for the special dilaton, depending upon the values assigned to Θ12
and Θ3s. This will have important consequences for phenomenology, as shall be discussed
later.
Next, let us turn to the expressions for the scalar masses. As before, the Higgs scalar
masses are given by
m2H = m
2
3/2
[
1− 3
2
(
Θ21 +Θ
2
s
)]
= m23/2
[
1− 3
2
(
Θ212 +Θ
2
3s
)]
(51)
=
m23/2
4
,
where Θ212 + Θ
2
3s = 1/2. It should be noted that this result is the same as for the special
dilaton solution of the previous section.
For Θ1 = Θ2 and Θs = Θ3, the scalar masses for squarks and sleptons may be written as
m2PQ =
m23/2
4
− 3m
2
3/2
16π
Θ23s ·
[
sin4πθ3 + 4sin2πθ3
]P
Q
+Θ212 ·
[
sin4πθ3 − 4sin2πθ3]P
Q
(52)
+ 2
[
sin4πθ3
]P
Q
· (Θ23s +Θ212 − 4Θ3s ·Θ12) ·Ψ
(
θ3PQ
)
.
Inserting the appropriate angles as shown in Table V, this expression then becomes
m2PQ = m
2
3/2
[
1
4
− 3
π
(
Θ23s −Θ212
) ·ΨPQ (1/2)
]
, (53)
where
Ψab (1/2) = −γE + 1
2
d
dθ3
ln Γ(1/2)− 1
2
d
dθ3
ln Γ(1/2) + ln(t3 + t¯3) (54)
= −γE + ln(t3 + t¯3),
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and
Ψac (1/2) = γE +
1
2
d
dθ3
ln Γ(1/2)− 1
2
d
dθ3
ln Γ(1/2)− ln(t3 + t¯3) (55)
= γE − ln(t3 + t¯3).
Then, if we set ln(t3 + t¯3) = γE we then obtain a universal scalar mass given by
m0 ≡ mH = mab = mac = m3/2
2
. (56)
In summary, setting Θ12 ≡ Θ1 = Θ2, Θ3s ≡ Θ3 = Θs, and ln(t3 + t¯3) = γE results in
universal soft terms of the form:
m1/2 =
√
3
2
(Θ12 +Θ3s), m0 =
m3/2
2
, A0 = −m1/2. (57)
These soft terms appear to be a generalized form of the special dilaton solution. In particular,
setting all goldstino angles equal results in precisely the special dilaton. However, in the
present case one may obtain a different result for the gaugino mass for more general goldstino
angles.
VII. NO-SCALE MODULI-DOMINATED SOFT TERMS
Let us include the Ka¨hler moduli in the supersymmetry breaking by parameterizing the
F-terms as
F s =
√
3m3/2Re(s)Θse
−iγs ,
F {u,t}
i
=
√
3m3/2(Re(u
i)Θui e
−iγui + Re(ti)Θtie
−iγti ). (58)
In the following we shall take Θ12 ≡ Θu1 = Θu2 and Θ3s ≡ Θu3 = Θs and set the CP violating
phases to zero. In addition, we shall set ln(t3 + t3) = γE in order to have a universal scalar
mass for squarks and sleptons.
Then, the gaugino masses take the same universal form as before:
m1/2 =
√
3m3/2
2
(Θ12 +Θ3s). (59)
The Higgs scalar massses then become
m2H = m
2
3/2
[
1− 3
2
(
Θ212 +Θ
2
3s + (Θ
t
2)
2 + (Θt3
)
)2
]
, (60)
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while the scalar masses for squarks and sleptons becomes
m2PQ = m
2
3/2
[
1− 3
2
(
Θ212 +Θ
2
3s
)− 3(3
4
(Θt1)
2 +
3
4
(Θt2)
2 +
1
2
(Θt3)
2
)]
. (61)
Assuming that the dependence of the soft terms on the Yukawa couplings through the
Ka¨hler moduli may be ignored, the trilinear coupling becomes
A0 = −
√
3
2
m3/2(Θ12 +Θ3s + 2Θ
t
1 +Θ
t
2 +Θ
t
3). (62)
If we take Θ12 = −Θt3 = 1√3 , and Θ3s = Θt1 = Θt2 = 0, we obtain the no-scale strict
moduli scenario:
m1/2 =
m3/2
2
, m0 = 0, A0 = 0. (63)
Note that in this case, the supersymmetry breaking is dominated by the Ka¨hler moduli,
while the dilaton does not participate. This is just what is expected for the no-scale form
and is referred to as the strict moduli-dominated scenario.
VIII. PHENOMENOLOGICAL DISCUSSION
In the previous sections, several different forms for the supersymmetry breaking soft terms
that may arise from a realistic intersecting/magnetized D-brane model were discussed. Two
of these are well-known, namely the special dilaton form and the no-scale strict moduli
form which arise from dilaton-dominated and Ka¨hler moduli dominated supersymmetry
respectively. The phenomenology of both of these scenarios has been extensively explored,
and neither of these two cases presently has a viable parameter space which can satisfy
experimental constraints [59, 60].
On the other hand, a different form for the soft terms was also explored, which appears
to be a generalized form of dilaton-dominated supersymmetry breaking. In particular, it
was found that if Θ1 = Θ2 ≡ Θ12 and Θ3 = Θs ≡ Θ3s, the universal trilinear term is always
equal to the negative of the gaugino mass, A0 = −m1/2. Furthermore, the universal scalar
mass is given by
m1/2 =
√
3m3/2
2
(Θ12 +Θ3s) =
√
3m0(Θ12 +Θ3s). (64)
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FIG. 1: The mSUGRAm1/2 vs. m0 plane with A0 = −m1/2, µ > 0, tanβ = 30, andmt = 173 GeV.
The region shaded in black indicates a relic density 0.105 . Ωχ0h
2 . 0.123, the region shaded in
red indicates Ωχ0h
2 . 0.123, while the region shaded in green has a charged LSP. The black contour
lines indicate the lightest CP-even Higgs mass.
From this expression, it may been observed that m0 is always larger than the universal
gaugino mass, m0 > m1/2 if
Θ12 +Θ3s <
1√
3
. (65)
In particular, it is possible to have a scalar mass which is arbitrarily large compared to the
gaugino mass such that m0 >> m1/2. Generically, this may occur if either Θ12 or Θ3s is
negative.
An important question is whether or not this form for the soft terms leads to phe-
nomenologically viable superpartner spectra. It should be noted that these soft terms cor-
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FIG. 2: The spin-independent (SI) neutralino-proton direct detection cross-sections vs. neutralino
mass for regions of the parameter space where Ωχ0h
2 ≤ 0.123. The region shaded in black indicates
0.105 . Ωχ0h
2 . 0.123. The upper limit on the cross-section obtained from the XENON100
experiment is shown in blue with the ±2σ bounds shown as dashed curves, while the red dashed
curved indicates the future reach of the XENON1T experiment.
respond to one corner of the of the full mSUGRA/CMSSM parameter space. A scan of
the mSUGRA/CMSSM parameter space was made in [28] with the trilinear term fixed as
A0 = −m1/2,. A plot of this parameter space is shown in Fig. 1. As we can see from
this plot, the viable parameter space consist of a strip in the m0vs.m1/2 plane where m0 is
several times larger than m1/2. This, of course, corresponds to a focus point region of the
hyperbolic branch of mSUGRA/CMSSM. The spectra corresponding to these regions of the
parameter space feature squarks and sleptons with masses above 5 TeV, a gluino mass in the
3−4 TeV range, as well as neutralinos and charginos below 1 TeV. The LSP for these spectra
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is of mixed bino-higgsino composition with masses in the range 300 − 800 GeV. A plot of
the direct dark matter detection proton-neutralino cross-sections versus neutralino mass is
shown in Fig. 2. As can be seen from this plot, the direct detection cross-sections for these
spectra are just in the range probed by the XENON100 experiment [61, 62]. In addition, the
upcoming XENON1T experiment [63] will thoroughly cover this parameter space and either
will make a discovering or rule out this parameter space, assuming R-parity conservation,
leading to a stable dark matter candidate. It should be pointed out that a variation of this
model exist where baryon and lepton number may be gauged, so the imposition of R-parity
may not be necessary to solve the problem of rapid proton decay [64].
IX. CONCLUSION
It has been demonstrated that universal supersymmetry breaking soft terms may arise
in a realistic MSSM constructed in Type II string theory with intersecting/magnetized D-
branes. In particular, it has been found that these soft terms are characterized by a universal
scalar mass which is always equal to one-half of the gravitino mass, and a universal trilinear
term wich is always equal to the negative of the universal gaugino mass. For the simplest
case where the goldstino angles for the three complex structure moduli and the dilaton are
all equal, the soft terms are that of the well-known special dilaton. However, it was found
that more general sets of universal soft terms with different values for the universal gaugino
also exist. In particular, it was found that it is possible for the universal scalar mass to be
arbitrarily large in comparison to the universal gaugino mass. Thus, for the model which
has been under study, it may be natural to have scalar masses which are much larger than
the gaugino mass.
While the observed mass of the Higgs is below the expected MSSM upper bound, to
obtain a 125 GeV Higgs mass requires large radiative corrections from the top/stop sector,
implying heavy squarks with multi-TeV masses. Superpartner spectra with such large scalar
masses may solve the hierarchy problem with low fine-tuning of the electroweak scale. The
parameter space corresponding to the particular form of the soft termsm0 >> m1/2 andA0 =
−m1/2 has been previously studied and results of this study were reviewed. Viable spectra
from this region of the parameter space feature squarks and sleptons with masses above
5 TeV, a 3− 4 TeV gluino mass, as well as light neutralinos and charginos at the TeV-scale
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or below. In addition, the LSP for these spectra is of mixed bino-higgsino composition with
masses in the range 300−800 GeV and a higgsino fraction of roughly ≈ 70%. Moreover, the
spin-indepenent dark matter direct-detection proton-neutralino cross-sections are currently
being probed by the XENON100 experiment and will be completely tested by the upcoming
XENON1T experiment. It was shown that the soft terms corresponding to to this parameter
space naturally and easily obtained from the model.
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